Mechanical properties and tribological behaviour of AA6061 and AA7015 aluminium matrix composites reinforced with Ti 3 Al intermetallics have been studied. Processing of the composites consisted of a combination of powder metallurgy and extrusion techniques. High tensile strength was attained on both alloys, although composites did not improve these properties. Also ductility was impaired on composites, but values above 10% were obtained in every case. Regarding friction coefficient, all composites showed a lower value with respect to base alloys, being lower as the amount of reinforcement increased. Wear behaviour of composites was improved.
1.INTRODUCTION
Aluminium matrix composites (AMCs) have been matter of important research by the community in the previous years. However, when speaking about particle reinforced AMCs, most of these studies have mainly focused on either alumina (Al 2 O 3 ) or silicon carbide (SiC) reinforcements. Today, their overall benefits and limitations are well known and some applications have been manufactured in an production basis [1] [2] [3] [4] [5] .
On the other hand, the advances made in high performance materials like intermetallics have open new possibilities of development in the MMC field. Intermetallics have very interesting properties to be used as reinforcements in aluminium based composites: high strength, modulus, and thermal stability [3] . One of the first investigations on this combination was made by Varin [6] and continued by other authors [7] [8] [9] [10] [11] but were primarily focused in the use of Ni 3 Al intermetallic particles. In further works by the authors [12, 13] titanium aluminides were presented as a quite promising reinforcement.
AMCs a very promising materials for applications where low weight and improved wear resistance are required. For this reason, tribological behaviour of AMCs have been broadly studied. However, the large amount of different matrix-reinforcement systems, processing techniques and test parameters make difficult the direct comparison of results [14] In spite of that fact, some common rules have been established by different studies. In general, the most important factors that influence wear behaviour of AMCs are volume fraction and size of reinforcement: the wear resistance increases as the amount and size of reinforcements also increases [14] [15] [16] . On the other hand there is not a general rule that correlates friction coefficient and wear behaviour. In fact, some studies have found a reduction in wear rate with an increase of friction coefficient [17] [18] [19] .
Therefore, the aim of the present study is to evaluate AMCs based on high strength aluminium alloys reinforced with Ti 3 Al intermetallics by means of mechanical properties and tribological behaviour.
EXPERIMENTAL
Aluminium alloys selected for the fabrication of composites were high strength, heat-treatable * Presented at COMP03 Conference, Corfu Greece D. Busquets-Mataix, N. Martinez, M.D. Salvador and V. Amigo alloys of the families Al-Mg-Si-Cu (that will be named in this study as AA6061 although has very low Mg content) and Al-Zn-Mg (AA7015). AA6061 alloy composition was the following: 0.74% Si, 0.19% Mg, 1.00% Cu, 0.22 Cr, 0.06% Fe and Al bal. AA7015 alloy composition was the following: 5.96% Zn, 1.8% Mg, 0.3% Cu, 0.16% Zr, 0.16% Fe, 0.06% Si, and Al bal. Both alloys were primarily produced in powder form through a gas atomisation process with argon. Powders presented a rounded morphology with a maximum particle size of 75 mm and a mean value of about 30 mm, Fig. 1 (a).
Particles of Ti 3
Al intermetallics were used as reinforcements. These were produced through the hydride-dehydride process, which conferred them a polygonal morphology, as seen on Fig. 1(b) . Particle diameter ranged from few microns to a maximum value of 50 mm.
Processing of the composites consisted of a combination of powder metallurgy and extrusion techniques. This fabrication method guarantees both a good densification of the composite and a homogeneous distribution of the reinforcement in the matrix. Percentage of Ti 3 Al reinforcement used was 5 and 10% in volume in both alloys.
The fabrication procedure comprised of: mixing of alloy and intermetallic powders, cold compaction up to 250 MPa, graphite lubrication of the green compact, heating at 500ºC for about one hour to homogenise the temperature and extrusion with a ratio of 25:1 and a ram speed of 1 mm/s [7] . At the end of the process, a bar of 5 mm of diameter of AMC was produced. Fig. 2 shows the microstructural appearance after extrusion of composites based on AA6061 alloy with 5 and 10 vol. pct. of reinforcements, being similar for those based on AA7015 alloy.
After extrusion, composites were heat treated. AMCs based on AA6061 alloy were studied in T6 state, which consisted of solution treatment at 530ºC during one hour, water quenching and ageing at 175ºC for 8 hours. AMCs based on AA7015 were studied both after T4 and T6 heat treatments. These consisted on a solution heat treatment at 480ºC during one hour and following water quenching. T4 samples were aged at ambient temperature for about one month whereas those in T6 state were artificially aged at 150ºC for 8 hours.
Mechanical properties of the composites were assessed by means of an universal testing machine. Samples of 60 mm length were cut from the extruded AMC bars and the central section were machined to a final diameter of 4 mm. Sliding wear tests were conducted on a pin-on-ring experimental apparatus developed in our facilities. It consist of a rotating chromated steel ring to which a pin of the material to be tested is pushed. A loading arm applied the normal load, and the friction coefficient is calculated after the data obtained by a couple of load cells, measuring the normal force applied and the tangential force developed. Wear tests were carried out in dry conditions at 1 m/s speed and 136 N load, corresponding to a nominal contact pressure of about 7 MPa. The total sliding distance was 2000 m.
Microstructural analysis after tribological tests was carried out by means of Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Analysis (EDX). The study comprised of observations of contact surfaces and transversal cut. Fig. 2 shows that the processing technique gave nearly 100% densification and a very low degree of clustering, also due to the relatively low percentage of reinforcement used. In fact, after exhaustive microstructural observation clustering of particles have not been found in either composite studied.
RESULTS AND DISCUSSION
Tensile tests were carried out on the base alloys and the composites produced in T6 state. The results are showed on figs 3 and 4 for the AMCs based on AA6061 and 7015 respectively. Is interesting to notice the high tensile strength attained by AA6061 matrix, in comparison to usual values of wrought alloys of similar compositions. The explanation of this phenomenon is based upon the presence of oxide dispersoids, produced during the extrusion of powdered materials [20] . In fact, aluminium powder particles are covered by a layer of aluminium oxide. This layer breaks during extrusion and remains embedded in the matrix as small reinforcements: these are the principles of the so-called oxide strengthened materials (OSD). However, regarding the composites based in this alloy, the presence of Ti 3 Al reinforcements impair the strength. Fig. 3 shows how as percentage of reinforcement increases, tensile strength decreases up to a 10% loss for the AMC with a 10% of reinforcement. This behaviour could be explained by the formation of a brittle intermetallic layer by diffusion of silicon from the matrix in the matrix-reinforcement interface, in the form of (Al,Si) 2 Ti as exposed previously by the authors [13] , that will promote cracking.
On the other hand, when considering the AA7015 alloy, the processing technique gave only a slight increase in tensile strength in comparison to the corresponding wrought alloy. However, in this case, the presence of reinforcement did not influ- Regarding ductility, composites attained very high values although lower than those of base alloys. In every case, ductility decreased as fraction of reinforcement increased. Although this last re-sult was expected, ductility of composites exceeded in almost every case a value of 10% of elongation at fracture. This fact could be of much interest from a industrial application point of view of this kind of materials.
Concerning tribological behaviour performance of composites was much better. First of all, when considering friction coefficient, all composites showed a lower value with respect to base alloys. In general, friction coefficient was lower as the amount of reinforcement increased. Fig. 5 shows the evolution of friction coefficient for the different composites and base alloys studied. Friction coefficient for the base alloys varied from 0.32 for the AA6061T6 up to about 0.34 for both T4 and T6 heat treatment of the alloy AA7015. However, and although this rather low values [21], the addition of reinforcements reduced these still further. In fact, for composites based on alloy AA6061 the friction coefficient is reduced to about a 0.28 (12.5% decrease) for a 10% of reinforcement. Regarding composites based on the AA7015 alloy, great similarities have been found between the evolution of the friction coefficient in both heat treating conditions (T4 and T6). In this case, a reduction of about a 23% on the friction coefficient is achieved for the matrix with a 10% of Ti 3 Al in T6 state with respect to the unreinforced alloy. For T4 state, the reduction obtained is 17%. This fact could be explained on the basis that in both natural and artificial ageing matrix hardening attained is similar for this alloy These results are important because a significant reduction of the friction coefficient is attained with the addition of relatively low quantities of reinforcement, still maintaining good mechanical properties as tensile strength and ductility. This result could be of interest in applications in which sliding contact occurs looking for an increased efficiency, as in several components of internal combustion engines.
Another parameter of importance when looking for applications where there are relative motion between two counterparts is wear rate. Fig. 6 shows wear evolution (in the form of weight loss against running distance) for all the materials considered.
The most important result that is seen in a general view, is the improvement of wear rate of composite materials compared to the unreinforced alloy.
After analysis of the evolution of wear rate in relation to testing distance (or time) , it could be seen that up to 250-300 m there is not a clear trend on whether or not composites improve wear resistance. From that point onwards, unreinforced alloy starts to degrade at a higher rate than the composites. This behaviour is indicative that during this first stage a layer of very high deformation is forming continually on the contact surface, due to high local stresses (the so-called tribolayer). At the end, a dynamically stable tribolayer is formed for all the materials, being of different nature and therefore behaving in a different way in every case. In general, a reduction of the wear rate of at least a factor of 2 is attained for the composites irrespective to whichever the matrix is. These results are in consonance to those obtained by DaCosta in his study with Ni 3 Al intermetallic [22] .
More in detail, absolute values of wear rate for the composites based on AA7015 alloy in T6 state are lower with respect to AA6061 T6 composites, but on the other hand, these last have a slightly higher It is also interesting to comment that the wear behaviour of composites seems to be less sensitive to the reinforcement content as the percentage increases. In fact, wear rate values of both composites with 5 and 10% of Ti 3 Al are quite close between them, and far from those attained by the base alloys. This is indicative of the fact that the formation of the tribolayer reach a level of wear resistance enough to diminish wear under test conditions, even for the composite with lower content of reinforcement. This result could be explained on the basis that even for low quantities of reinforcement, the formation of the tribolayer benefits from the wear capabilities against wear and high temperatures of this intermetallic. Therefore, wear behaviour of the composites studied so far is mainly influenced by the nature of the Ti 3 Al reinforcement and following, by the reinforcement content and nature and heat treatment of the base aluminium matrix.
In order to corroborate these observations, a microstructural analysis of the samples after tribological test were carried out. Fig. 7 (a) and (b) shows representative contact surface morphologies obtained for the materials tested.
In general and every sample two zones of different appearance could be seen. The first one presented some indentations in the direction of contact movement, and important deformation was observed, characteristic of adhesive wear. This wear mechanism causes a significant plastification of the matrix, even producing some microwelding points and subsuperficial cracking, [14] . This failure mode has been found to be more extensive on unreinforced alloys. On the second one, there is not apparent plastification of the matrix but some wear tracks on the direction of sliding, characteristic of abrasive wear. In general, in the case of composites as that of Fig. 7 (b) , the presence of the reinforcement hinder adhesive wear mechanism in a greater area of the sliding contact zone, leading to a lesser wear rate than compared to the base alloys. Fig. 8 shows the appearance of the microstructure of the base alloy samples in the vicinity of the contact surface, after a transversal cut perpendicular to the slipping direction. It could be appreciated that the plastification of the matrix (darker colour, adjacent to surface) in unreinforced material is variable in depth, going from 10 to 20 mm for different zones. This zone is the tribolayer. The differences encountered could have been produced by the inherent irregularities of the disk, and also by the interaction with previously eroded material (wear debris). However, when considering reinforced material, the appearance of the tribolayer is much different with respect to that formed in the base alloy. In this case, deformation stresses even produce the deformation of reinforcement in that zone. Fig. 9 shows the morphology of the tribolayer of AA6061 composite reinforced with a 10% of Ti 3 Al, in which some reinforcement particles have been deformed in the sliding direction. As commented previously, the presence of these particles in the tribolayer give a higher dry wear capability due to their high strength and high temperature resistance. However, in this case and in opposition to ceramic reinforcements, Ti 3 Al intermetallic reinforcements are deformed and incorporated to the tribolayer, without cracking in any case. The same phenomenon was found to be produced in every composite studied in this work.
With the aim of studying with higher detail the nature of the tribolayer formed in the composites, qualitative X-ray analysis (energy dispersive, EDX) through this layer was carried out. Fig. 10 shows a line of EDX analysis through the tribolayer. Point 1 marks a Ti 3 Al reinforcement particle that has not experienced deformation. In fact, titanium contents are high as shown on the plot enclosed. On the other hand points 2 and 3 show that some white zones, with no-well defined boundaries, that correspond to deformed particles of reinforcement, and again the contents of titanium are high. It is also observed how the particle morphology is very different from the polygonal original one, what gives an idea of the high level of deformation attained by those particles. This deformation promotes the creation of a zone where particles and matrix are intimately joined, in a kind of mechanical alloying (A-B zone). In fact, titanium content in the highly deformed particles in the tribolayer is lower than those obtained from the original Ti 3 Al particles, as indicative that some mixing has been produced.
CONCLUSIONS
Ti 3 Al reinforcement on the aluminium alloys studied (AA6061 and AA7015) did not improve strength, but on the other hand, base alloy AA6061 showed increased strength compared to commercially wrought one, due the presence of a very fine distribution of oxides (Al 2 O 3 ) after the fabrication process used (powder compaction and hot extrusion). Although decreasing with reinforcement content, ductility of composites have obtained very high values, exceeding in almost every case an elongation of 10% at fracture.
The friction coefficient in MMCs based on both AA6061 and A7015 alloys is decreased, as the content of Ti 3 Al particles is increased, up to a value of 23% for composites based in the latter in comparison with the base matrix.
Wear resistance of composite materials of both alloys increases with reinforcement content. This improvement is about twice for the composites There has been verified the formation of very different deformation layer (tribolayer) when comparing to ceramic-based composites: the high deformation stresses lead to the plastification even of the Ti 3 Al reinforcement particles. This fact produces the formation of a matrix-reinforcement mixed layer.
Tribolayer for composite materials is lesser wide than in unreinforced ones, due to the higher wearing and temperature resistance capabilities of the reinforcement in comparison to the matrix, improving tribological characteristics of the same.
Deformation of Ti 3 Al particles near the surface increases wear resistance for both the low wearing capabilities of the reinforcement as well as they not fracture. This latter factor does not favour the formation and growth of cracks through the material that would lead to the formation of a higher amount of wear debris.
